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In the course of coexpressing genes for pathogenesis-
related (PR) proteins for a class IV chitinase and an acidic
glucanase in transgenic wheat plants, we regenerated a
wheat line that developed necrotic lesions containing dead
cells in the T, and subsequent generations. Lesion spots
were detected at the booting stage (5- to 6-week-old plants)
in lines homozygous for the transgene loci. In contrast,
lesions were not observed in hemizygous transgenic lines or
lines silenced for transgene expression, indicating a re-
quirement for high levels of transgene expression for the
development of the lesioned phenotype. Lesion develop-
ment was associated with the accumulation of host-encoded
PR proteins, e.g., chitinases, $-1,3-glucanases, thaumatin-
like protein, and production of reactive oxygen intermedi-
ates. F; progeny of a cross between the lesion-plus trans-
genic line and wild-type nontransgenic plants produced
progeny with a normal phenotype, while the F, progenies
segregated for the lesion phenotype. Salicylic acid (SA) lev-
els in plants with the lesion-plus phenotype were found to
be several times higher than controls and nearly double the
levels in hemizygous transgenic plants that lack lesions. SA
application activated lesion development in excised leaf
pieces of these hemizygous transgenic plants. Similar acti-
vation of lesion development in control plants occurred
only when high concentrations of SA were applied for pro-
longed periods. Transcripts for phenylalanine-ammonia
lyase, which provides precursors of SA, were elevated in
homozygous transgenic plants. Our data suggest that trans-
gene-induced lesion-mimic phenotype correlates with en-
hanced SA biosynthesis.

Additional keywords: programmed cell death.

The first line of defense in any pathogen attack involves
physical barriers (e.g., plant cell wall) and preexisting chemi-
cal barriers that are programmed to recognize the pathogen and
induce defense reactions (Jayaraj et al., in press). The compo-
nents of this inducible defense include: production of reactive
oxygen intermediates (ROI), synthesis of phytoalexins, thick-
ening and production of cell wall reinforcing agents (callose,
hydroxy-proline rich proteins, etc.), accumulation of salicylic
acid (SA), and systemic induction of a group of proteins called
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the pathogenesis-related (PR) proteins, such as chitinases and
glucanases that exhibit antimicrobial activity (Hammond-
Kosack and Jones 1996; Ward et al. 1991; Yang et al. 1997).
These responses occasionally lead to formation of necrotic
spots containing dead cells that are often referred to as ‘le-
sions’ (Dangl et al. 1996). The lesions are caused by rapid
death of cells at and around the infection sites and are sus-
pected to restrict further growth and spread of the pathogen to
neighboring healthy cells (Dixon and Harrison 1992). The de-
velopment of lesions at the infection site in an incompatible
host-pathogen interaction is often termed the hypersensitive
response (HR). HR appears to be a programmed suicidal act of
plant cells (Greenberg 1997) and is accompanied by accumula-
tion of SA and PR proteins in the infected tissues (Dempsey et
al. 1999). Additional signaling molecules involving jasmonic
acid (JA) and its methyl ester methyl jasmonate (MeJA) are
implicated to play a key role in certain pathogen-induced de-
fense responses (Creelman and Mullet 1997).

A common goal in genetic engineering of plants for disease
resistance is to enhance resistance or tolerance to various
pathogens. However, expression of various foreign genes in
plants has resulted in the recovery of plants with lesion-plus
phenotypes (Mittler and Rizhsky 2000). Recently, Nishizawa
and associates (2003) reported several phenotypic changes, in-
cluding spontaneous lesion development, in transgenic rice
plants constitutively expressing a rice B-1,3-f-1,4-glucanase
transgene. Many of the lesion-containing transgenic plants had
constitutively elevated levels of defenses (including PR pro-
teins) and did not require pathogen recognition or induction of
plant defenses upon infection, which is typical of the ‘disease
lesion mimic’ mutants characterized from different plants.
Most often these phenotypes show retarded growth and are of-
ten accompanied by the spontaneous formation of lesions simi-
lar to those associated with HR. Such a phenotype has been re-
ferred to as transgene-induced lesion mimic (Mittler and
Rizhsky 2000; Rizhsky and Mittler 2001).

The availability of genes encoding PR proteins and the dem-
onstration that PR proteins exhibit strong in vitro antifungal
activity (Mauch et al. 1988) has led to their deployment for
enhancing disease resistance in crop plants. The most com-
monly used approach is to constitutively express PR proteins
including chitinase and B-1,3-glucanase that are known to be
transcriptionally induced in many plants upon pathogen attack.
Following the initial reports of significant improvement in dis-
ease resistance in transgenic plants expressing PR proteins sin-
gly or in combination (Alexander et al. 1993, Broglie et al.



1991; Jach et al. 1995; Jongedijk et al. 1995; Lin et al. 1995; consensus that combinations of PR proteins are required to
Nishizawa et al. 1999; Zhu et al. 1994), there have been nu- achieve effective disease control (Jayaraj et al., in press).

merous studies that have exploited a similar strategy (Datta et In this paper, we report the recovery of a lesion-mimic phe-
al. 1999). The result of the above studies has led to the current notype in a transgenic wheat line overexpressing a combination
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Fig. 1. Western blot analyses of transgene-encoded proteins in extracts of leaves from the expressing line and the silenced line. Crude protein extract (250
pg) from leaf samples (5-week-old plants) were loaded in each lane and, after separation, transferred to blots. Specific polyclonal antibodies were used to
detect glucanase (top panel) and chitinase (bottom panel) proteins. Lanes: 32A-2, 32C-3 hemizygous T; parents; 32A-2-3, 32C-3-4 homozygous T, plants;
NC = nontransgenic control. The expected sizes of the transgene-encoded proteins are indicated by arrows on the left.
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Fig. 2. The development of lesions in line 32A-2-3 is dependent upon transgene expression and endogenous salicylic acid (SA) levels. A, Homozygous
line 32A-2-3 with complete chlorosis (on the left) and homozygous plants from line 32C-3-4 silenced for the expression of the transgene-encoded proteins
with a normal phenotype (on the right). B, Treatment of the hemizygous plants and nontransgenic control plants with SA (5§ mM). On the left panel,
hemizygous transgenic plants with lesions and chlorotic areas 96 h after SA treatment. On the right panel, nontransgenic control plants 96 h after SA
treatment. C, Treatment of leaf slices with different concentrations of SA. Observations for lesioned-areas were taken at 60 h of incubation (on the top
row) and after 96 h of incubation (middle and bottom rows). Leaf pieces from hemizygous transgenic plants (top and middle row) and nontransgenic
control leaves (bottom row). Lanes 1 to 7, samples treated with different concentrations of SA ranging from 0, 0.5, 1, 2, 3, 4, and 5 mM, respectively.
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of a class IV acidic chitinase and an acidic -1,3-glucanase. This
transgenic line was studied to examine the underlying bio-
chemical relationship between the overexpression of these
transgenes and the manifestation of the lesion-mimic phenotype.
Our observations suggest that overexpression of these PR protein
genes is associated with accumulation of high levels of SA,
production of ROI, and expression of other PR protein genes.

RESULTS

Identification of a lesion-mimic phenotype
in a transgenic wheat line overexpressing a combination
of wheat chitinase and glucanase transgenes.

During the analyses of several independent transgenic wheat
plants transformed with genes encoding PR proteins (chiti-
nases, glucanases, and combinations thereof), a T, generation
plant expressing high levels of a class IV wheat chitinase (383)
and a wheat J-glucanase (638) with a lesion-plus phenotype
(32A2#3) was identified. This plant had all the transgenes in a
single locus and expressed the transgene-encoded proteins at
high levels (Anand et al. 2003a and b). Progeny derived from
this plant that were homozygous for the transgene loci exhib-
ited the lesion phenotype, whereas plants that were hemizy-
gous for the transgene locus had the lesion-minus normal wild-
type phenotype. Another homozygous transgenic line, 32C-3-4,
was identified, which came from the same primary transgenic
event #32 (32A and 32C are two independent tillers derived
from callus #32), and was characterized to be genetically iden-
tical to plant #32A-2-3 by Southern blot analyses for trans-
genes. The plant 32C-3-4 and its progenies had no detectable
expression of the transgenes (383 chitinase or 638 glucanase)
(Fig.1) and did not have the lesion-plus phenotype (Anand et
al. 2003a). The hemizygous T, parents, 32A-2 and 32C-3, of
these transgenic plants expressed the transgene-encoded pro-
teins (Fig. 1) and had the normal phenotype of wild-type ‘Bob-
white’ plants. The differences in the transgene activity in the
two homozygous plants #32A-2-3 (expressing line) and #32C-
3-4 (silent line) of the T, generation were attributed to the ex-
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Fig. 3. RNA blots for detection of transcripts for chitinase, glucanase,
and PR-1b and PAL genes in the leaf samples. Leaves were sampled at
weekly intervals from the lesion-mimic line starting from 2-week-old
plants (with no lesion) to 5-week-old plants (with visible lesions). Total
RNA(10 pg) was loaded in each lane. The same RNA blot was stripped
and probed sequentially with different DNA probes, as indicated on the
right.
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tent of methylation of the CCGG sequences of the transgenes
(Anand et al. 2003b).

In the homozygous plant #32A-2-3 and its T; progenies,
visible lesions could be detected at the booting stage on the
second and third leaves from the flag leaf. The lesions first
appeared as small necrotic spots on the leaves. These spots
later merged to form larger lesions that were observed
throughout the whole plant, including the flag leaf during
later stages of development. The plants bore symptoms of
complete necrosis to chlorosis (Fig. 2A). This plant (#32A-2-
3) and its progeny produced normal spikes (Fig. 2A), but the
phenotype affected the grain quality (lower total grain weight
per 1,000 seeds) (data not shown) without affecting the fertil-
ity of the plants.

Development of the lesion phenotype
occurs only in plants homozygous for the transgene locus.
To examine whether the appearance of the lesion-mimic
phenotype was a gene-dosage dependent phenomenon, ho-
mozygous plants derived from line #32A-2-3 were crossed
with wild-type nontransgenic ‘Bobwhite’ plants. The F,
plants derived from the above cross were analyzed by poly-
merase chain reaction (PCR) for the presence of each trans-
gene, using transgene-specific primers (data not shown). All
the F, plants had all three (383chi:638glu:bar) transgenes,
displayed no lesions, and resembled the phenotype of wild-
type ‘Bobwhite’ plants. The F, plants were selfed, and 64 F,
plants were grown and painted with the herbicide Liberty.
Segregation analyses for the transgene locus, based on the
Liberty-painting assay (0.2% vol/vol), yielded results consis-
tent with the predicted 3:1 ratio (bar+/bar-) for a single
transgene locus for the bar gene. Fourteen of the 64 plants
were found to be Liberty sensitive (i.e., bar-minus), while 17
of the remaining 50 Liberty-resistant plants gave the lesion-
plus phenotype. All 50 Liberty-resistant plants were analyzed
by PCR and were identified to have all three transgenes
(383chi:638glu:bar), as expected (data not shown). The
progenies from the 17 lesion-plus plants breed true for the
phenotype, whereas the progeny of the plants showing no
lesions segregated for the lesion phenotype (one fourth of the
progeny had lesions).

The lesion-mimic phenotype results in expression
of other endogenous PR protein genes and production
of reactive oxygen species (ROS).

The transcript levels of the 383 chitinase and 638 glucanase
transgenes in the leaves of the transgenic line 32A-2-3 showed
a gradual increase from the second to the fifth weeks of growth
(Fig. 3). Maximum transcript levels for chitinase and glucanase
genes were seen at the point of appearance of necrotic spots
(fifth week). Additional induction of PR genes was also ob-
served in the lesion-mimic plants. The transcripts for PR I1b
showed a gradual increase and were the highest in 5-week-old
plants of line 32A-2-3, while in the nontransgenic plants (5
weeks old) there was no evidence for PR Ib transcripts (Fig. 3).

With progression of necrosis, there was increased expression
of PR proteins, including chitinases, glucanases, and thau-
matin-like proteins (TLP) (Fig. 4). The increased expression
was not limited to the transgene-encoded proteins. Additional
isoforms of these proteins encoded by host genes were also de-
tected in the protein samples from 7-week-old plants (Fig. 4).
The levels of expression of these PR proteins corresponded
with development of lesions, and maximum levels of these
proteins were observed at full blown necrosis stage (Fig. 4).

Because of the known role of ROS during HR and in cells
undergoing programmed cell death, we further investigated the
production of H,0O, at weekly intervals from the time of ap-



pearance of microscopic lesions to complete necrosis in the
lesion-mimic plants. HR was first detected as browning of the
cells around the visible necrotic spots at five weeks, the earli-
est stage of development of lesions indicative of H,O, produc-
tion (Fig. 5B). Analyses of leaf samples in subsequent weeks
detected coalescence of the stained cells, resulting in larger
stained areas around the lesions in the six-week samples (Fig.
5C). However, leaves examined from an earlier stage (third
week) failed to detect brown spots, suggesting that the produc-
tion of H,O, was dependent upon development and progression
of necrosis (Fig. 5SA). The production of H,O, was initially
seen on the second to third leaves from the flag leaf. In later
stages of plant growth, H,O, production was detected in the
flag leaves, too (data not shown), which parallels our observa-
tion on appearance of visible lesions in the flag leaf.

Transgenic (chi/glu) plants accumulate higher levels of SA.

The tissues surrounding hypersensitive cell death in particu-
lar are known to accumulate transcripts for PAL (Hahlbrock
and Scheel 1989), a key enzyme of the phenylpropanoid path-
way involved in the biosynthesis of SA from trans-cinnamic
acid and other phenolic compounds in plants (Bowles 1990;
Raskin 1992; Silverman et al. 1995). This prompted us to in-
vestigate the levels of PAL transcripts in the homozygous
lesion-plus line, starting from 2-week-old plants (no visible
lesions) to 5-week-old plants (with visible lesions). The tran-
scripts for PAL showed a very marginal increase up to the
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Fig. 4. Western blot analysis of pathogenesis-related proteins in leaf
extracts of line 32A-2-3 with the lesion phenotype. Leaves from a pool of
six plants were sampled before the emergence of lesions (4-week-old
plants) and upon complete necrosis (7-week-old plants). Total protein
(250 pg) was loaded on each lane and was detected with the indicated
antibody. Lanes: positive control (scab-inoculated wheat leaves), 4-week-
old plants, 7-week-old plants, and nontransgenic control (NC).

fourth week of growth. The highest levels of PAL transcripts
were detected at the point of the emergence of visible lesions
(5-week-old) (Fig. 3).

The ability of SA to induce defense responses in plants was
demonstrated originally as a reduction in the number of TM V-
induced lesions in tobacco plants (White 1979). Later, its role
in induction of PR gene expression and establishment of sys-
temic acquired resistance (SAR) was determined (Ryals et al.
1996). Additionally, it was demonstrated that application of SA
leads to necroses in normal tobacco plants (van der Straeten et
al. 1995). To determine whether the appearance of the lesion
phenotype in the transgenic line 32A-2-3 correlates with
changes in either SA or JA, plants were examined over a time-
course between weeks 2 and 7. The levels of SA peaked tran-
siently at the booting stage (fifth week) in the wild-type plants.
At time intervals before and after this peak, SA and JA levels
were very low. In contrast, the hemizygous transgenic chi/glu
and the homozygous chi/glu plants exhibited sharp increases in
the SA levels at booting stage, reached levels higher than con-
trols, and remained elevated through maturity (Fig. 6A and B).
The free SA levels leveled off at about 300 ng/g in the hemizy-
gous transgenic plants and about 600 ng/g in the homozygous
chi/glu transgenic plants (Fig. 6A). Similarly, the homozygous
chi/glu plants showed about a 10-fold increase in conjugated
SA levels by the sixth week and about a sixfold increase in the
hemizygous chi/glu plants, compared with control plants at the
same stage of growth. There were slight differences in the trend
over the increase in conjugated SA levels in the homozygous ver-
sus hemizygous chi/glu plants. The homozygous chi/glu plants
showed an increase in conjugated SA levels starting from the
fourth week onward, while this trend was limited to about the
fifth week in the hemizygous chi/glu plants. The elevated levels
of SA in transgenic plants, especially in the lesion-plus plants,
and increased gene transcripts for PAL are consistent with the
suggested role of SA in SAR (Enyedi et al. 1992).

Since there is evidence suggesting an intricate signaling net-
work involving SA and JA in the fine tuning of plant defenses
(Niki et al. 1998; Rao et al. 2000), we decided to determine the
JA levels in the homozygous transgenic plants at weekly inter-
vals. No large differences in JA levels were observed between
homozygous chi/glu transgenic and the wild-type plants, ex-
cept at the booting stage (Fig. 6C). This prompted us not to in-
vestigate the JA levels in the hemizygous transgenic plants.
These results are in accordance with the postulation that JA
may have a role in modifying the SA-induced activation of PR
proteins in the lesion-mimic mutants (cprl, cprS, cpr6, coil,
and ssil) of Arabidopsis (Clarke et al. 2000; Kloek et al. 2001;
Nandi et al. 2003).

Involvement of SA and JA signaling
in the induction of lesion phenotype.

The accumulation of many PR proteins and additional iso-
forms and the development of the lesion phenotype in homozy-

Fig. 5. Detection of hydrogen peroxide in the leaves of the lesion-mimic plant. Pooled leaf samples from six plants were cut into pieces of 4 to 5 cm each and
were fixed and stained with diaminobenzidine. Micrographs were obtained, using transmitted light under a microscope (40x objective lens). A, No stained cells
could be detected in the 3-week-old samples (the stomatal cells are seen as stained spots). B, Small areas of intense brown staining was evident in the mesophyll
cells, with the production of H,O, in the 5-week-old samples. C, The area with intense staining increased further as the lesions progressed in the subsequent
weeks (sixth week). Due to the deformity of the leaves undergoing necrosis, the areas with larger lesions were not in focus. Bar = 100 um.
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gous plants at times when the SA levels were the highest
prompted us to investigate further the role of SA and JA in
these processes. In the first experiment, young plants (2 to 3
weeks old) were used. An increase in levels of chitinases, glu-
canases, and their isoforms was detected in the homozygous
line 32A-2-3, after 24 h of treatment with SA (Fig. 7). Maxi-
mum levels of both the PR proteins and their isoforms were
seen in the SA-treated line 32A-2-3 by 48 h. The control plants
(wild-type plants and the silenced line 32C-3-4) (data not
shown) also showed an increase in the levels of chitinases and
glucanases upon treatment with SA within 24 to 48 h, but the
levels reached were significantly lower than the levels reached
in the 32A-2-3 line. Treating the plants with MeJA resulted in
low levels of induction of chitinase and glucanase, and fewer
isoforms of chitinases were detected, unlike the results ob-
served with SA treatments (Fig. 7) in the transgenic line 32A-
2-3. SA treatment of young plants that were homozygous for
the transgene loci or of the control plants did not result in the
development of lesions, even after several days.

SA treatment of hemizygous transgenic plants of #32A-2-3
at the booting stage resulted in the formation of distinct ne-

crotic patches and chlorotic zones similar to those seen in
homozygous transgenic plants within 96 h after treatment (Fig.
2B). The nontransgenic control plants and the silenced plants
(line 32C-3-4) did not develop lesions, even after several days
following the SA treatment. The levels of chitinase and gluca-
nase proteins were drastically increased after 48 h of treatment
with SA in these hemizygous plants. The expression of the
other isoforms of these PR proteins was also detected in the
same protein samples (48-h samples) (Fig. 8). The nontrans-
genic plants (Fig. 8) and the silenced line (data not shown)
showed increases in the expression levels of chitinases and
glucanases after 48 h of SA treatment that were significantly
lower than those detected in the hemizygous plants treated with
SA for the same length of time. In contrast, treatment of the he-
mizygous plants (F, plants of the 32A-2-3/ BW cross) with
MeJA did not result in the induction of chitinases and gluca-
nases (transgenic or endogenous) (data not shown). There was
also no evidence of lesion development, even after several
days of MeJA treatment. We further investigated the induction
of TLP in the hemizygous plants treated with SA, as a measure
of induction of an endogenous PR protein gene. The level of
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Fig. 6. A, Estimation of free salicylic acid (SA); B, conjugated SA; and C, total jasmonic acid (JA) levels in wheat plants. Leaf samples were randomly
pooled from 10 plants at similar physiological growth at weekly intervals starting from the second week to the seventh week. C = nontransgenic controls;
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this protein in the hemizygous plant was comparable to that of
the level in the nontransgenic plant prior to SA treatment. A
substantial increase in TLP levels was detected in the samples
of the hemizygous transgenic plants collected at 48 h after SA
treatment (Fig. 8). No such increase was seen in the control
plants treated with SA.

The influence of SA concentration on the induction of le-
sions in the hemizygous plants was further investigated. Within
60 h of incubation, lesions were detected in the hemizygous
plants treated with 1 mM or more of SA. Necrotic areas were
seen in the leaf samples of the hemizygous plants treated with
2,3, 4, and 5 mM SA. The severity of the lesions was depend-
ent upon the concentration of SA applied (Fig. 2C). After 84 h
of incubation, complete chlorosis along the cut ends of the

Control

leaves was visualized in hemizygous plants (3, 4, and 5 mM).
Lesions were also seen in leaf pieces from control plants incu-
bated with 4 or 5 mM SA, even though the lesions appeared
later (96 h) and were less numerous than in the transgenic
plants (Fig. 2C).

DISCUSSION

Constitutive overexpression of the chi383 and glu638 trans-
genes in a transgenic wheat line (32A-2-3) was associated with
a lesion-mimic phenotype in progeny plants of the T, or later
generations. Further, the lesions appeared only when the trans-
gene-encoded proteins were expressed, since the silenced line
32C-3-4 did not exhibit lesions, suggesting that the lesion phe-
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Fig. 7. Chitinase and glucanase levels in lesion-mimic and wild-type plants upon treatment with salicylic acid. Lanes: NC and TC, 0-h controls for
nontransgenic and 32A-2-3 plants, respectively; first set of lanes = 12-, 24-, and 48-h samples from nontransgenic control plants; and second set of lanes =

12-, 24-, and 48-h samples from line #32A-2-3.
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Fig. 8. Levels of chitinase, glucanase, and thaumatin-like proteins in the hemizygous 32A2/BW and nontransgenic control plants upon salicylic acid
treatment. Lanes: NC and TC: 0-h controls for nontransgenic and 32A2/BW plants; first set of lanes = 12-, 24-, and 48-h samples from nontransgenic
control plants; and second set of lanes = 12-, 24-, and 48-h samples from line 32A2/BW.
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notype was not due to disruption of one or more host genes at
the site of transgene insertion and was dependent on transgene
function. Lesions were seen only when the expression level
was very high. However, we could not completely eliminate
the possibility of host gene activation by transgene insertion,
since another independent transgenic event expressing the
same combination of chitinase (383) and glucanase (638) was
not recovered. The hemizygous T, plants, their progenies, and
the hemizygous plants derived from crosses between the le-
sion-mimic line and wild-type nontransgenic plants, which had
lower expression levels (probably half) of the transgene-
encoded proteins compared with homozygous plants, did not
exhibit the lesion-mimic phenotype (Fig. 1). Inspection of the
seedlings during germination and the early-growth phase (4-
week-old plants) showed that the constitutive expression of the
combination of these PR protein genes did not result in any
visible changes in morphology or growth characteristics of
these plants compared with nontransgenic controls. Bliffeld
and associates (1999) reported that they could not recover
transgenic wheat plants expressing a barley B-1,3-glucanase,
and attributed this failure to a harmful effect of B-glucanase
gene expression on callus growth and regeneration of the trans-
genic plants. Our successful regeneration of independent trans-
genic plants with high level expression of B-glucanase indi-
cates that this may not be the case. Nevertheless, the finding
that one transgenic line with very high levels of B-glucanase
and chitinase has a lesion-mimic phenotype does suggest that
there may be some adverse effect of overexpression of a 3-1,3-
glucanase gene. Furthermore, while overexpressing a stress-
inducible B-1,3;1,4-glucanase gene Gnsl (encoding an enzyme
capable of hydrolyzing a mixed barley B-glucan from barley)
in transgenic rice, Nishizawa and associates (2003) recovered
several transgenic plants with a lesion-mimic phenotype. Inter-
estingly, the development of lesions in these plants was also
dependent on the growth stage of the transgenic rice plants
(within 5 to 6 weeks after transplanting, which coincides with
the booting stage). It is not clear whether new substrates for the
B-1,3-glucanase appear in wheat plants at the booting stage.
Cereal aleurone and endosperm cell walls are known to have
B-1,3;1,4-glucans but no B-1,3-glucan (Gibeaut and Carpita
1993; Lai et al. 1993; Woodward and Fincher 1983). Callose (a
B-1,3-glucan polymer) is found in the cell walls of microspores
of tetrads, and a developmentally controlled B-1,3-glucanase is
induced in higher plants (Leubner-Metzger and Meins 1999).
The appearance of lesions only during the booting stage in
transgenic plants overexpressing the chitinase and B-1,3-gluca-
nase may be related to the appearance of endogenous sub-
strates for one or both of these PR proteins.

The lesions seen in the transgenic plants overexpressing the
genes for PR proteins are similar to the ones triggered during
HR in incompatible interactions of plants and pathogens
(Dangl et al. 1996; Hammond-Kosack and Jones 1996; Lamb
and Dixon 1997; Yang et al. 1997). The production of a trans-
gene-induced lesion-mimic phenotype was reviewed by Mittler
and Rizhsky (2000). A key to understanding transgene-induced
lesion mimics is to study their naturally occurring counterparts
(lesion mutants) found in different plants (Bowling et al. 1994;
Jirage et al. 2001; Walbot et al. 1983; Wolter et al. 1993).
Based on the appearance and progression of the phenotype, le-
sion mutants can be classified into two groups: initiation and
propagation mutants (Dietrich et al. 1994; Greenberg et al.
1994; Mittler and Rizhsky 2000; Walbot et al. 1983). The ini-
tiation mutants are postulated to lack a negative regulator of
HR activation (recessive mutant) or to have a constitutively
activated HR signal component (dominant mutant). Propaga-
tion or feedback mutants develop spontaneous or induced le-
sions that propagate uncontrollably, eventually resulting in the
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complete death of the leaf. These mutants are presumed to be
defective in down-regulating the process of lesion progression.
The transgenic wheat plants expressing the chi/glu transgenes
reported here appear to fall in the propagation class of lesion
mutants. The lesions appear spontaneously and spread through-
out the leaf, without affecting the fertility of the plants. The
timing and pattern of propagation of the lesions suggests that
the overexpression of the combination of chi/glu transgenes
may have resulted in activation of the HR-like programmed
cell death (PCD) pathway, which was reported in transgene-
induced lesion mimics (Fiore et al. 2002; Mittler et al. 1995;
Molina et al. 1999b; Nishizawa et al. 2003; Pontier et al. 2002;
Rizhsky and Mittler 2001; Takahashi et al. 1997).

Overexpression of transgenes in line 32A-2-3 results in the
turning on of other PR protein genes and production of ROS
that are indicators of progressive cell death in plants. The
increased PAL gene transcripts and the supporting data on
increased SA levels in the lesion-mimic plants suggest that the
introduction and overexpression of the combination of genes
for PR proteins resulted in spontaneous activation of several
different components of the plant defense mechanism. Spray-
ing of SA failed to induce the lesion-plus phenotype in the
young plants of homozygous line 32A-2-3 at an earlier stage of
their growth. However, spraying the hemizygous plants with
similar concentrations of SA (5 mM) resulted in the recovery
of the lesion phenotype at the booting stage. Further, the PR
proteins in the homozygous line 32A-2-3 (2 to 3 weeks old)
treated with SA never reached the levels detected in the lesion-
plus phenotype plants or those seen in the hemizygous plants at
the booting stage upon treatment with SA, suggesting that cer-
tain threshold levels of these proteins may be required for sig-
naling the PCD pathway. These findings demonstrate that both
the physiological state of growth and SA levels are critical in
production of the lesions.

Free SA accumulates transiently in control plants around
booting stage, but in transgenic plants with high levels of chiti-
nase and glucanase, levels of free SA continued to increase in
hemizygous and homozygous plants, respectively. Similarly,
the conjugated SA levels increased from the fourth to the sev-
enth weeks (from 293 ng/g to 1,888 ng/g) in the homozygous
plants, while the increase in the conjugated SA levels in the he-
mizygous plants ranged anywhere between 50 ng/g (fifth
week) to 656 ng/g (seventh week). The increased expression of
transgenes and increased total SA levels and the appearance of
lesions suggest the possibility for transgene interaction with
SA signaling. This hypothesis is supported by the observation
that the lesion phenotype could be induced in both hemizygous
and control transgenic plants and leaf sections upon exposure
to exogenous SA. The hemizygous plants, which have an inter-
mediate level of free SA, required a lower concentration and
shorter incubation time compared with nontransgenic controls
for lesion development.

Earlier reports using chemical activators of SAR, such as
SA, 2,6-dichloro isonicotinic acid (INA), or
benzo(1,2,3)thiadiazole-7-carbothioic acid S-methyl ester
(BTH) in wheat (Gorlach et al. 1996; Molina et al. 1999a;
Schaffrath et al. 1997), suggested that the pathogen-inducible
genes (biological agents) and chemical-inducible genes
(chemical agents) were activated by different signaling path-
ways in wheat. Our results, involving both transgenic wheat
and control wild-type plants sprayed with SA (5 mM), did
show induction, enhanced levels, or both of PR2 (B-1,3-gluca-
nase), PR3 (chitinase), and PRS (TLP) proteins. Similar results
were observed when SA was applied intercellularly to wheat
cultivars resistant to Russian wheat aphid (RWA), using per-
oxidase as the defense marker gene (Mohase and van der
Westhuizen 2002). The increased expression of these PR pro-



teins in our study was also accompanied by the appearance of
the lesion-plus phenotype in the hemizygous plants sprayed
with SA. In control plants treated with SA, a concentration and
time-dependent occurrence of lesions was observed, using a
leaf disk assay. Therefore, the failure to observe induction of
pathogen-inducible genes treated with SA and INA reported
earlier in wheat (Gorlach et al. 1996; Molina et al. 1999a;
Schaffrath et al. 1997) might be due to differences in the con-
centration of SA applied, as in our study (5 mM), the method
of SA application, or both.

Some lesion-mimic plants, including rice plants overexpress-
ing a B-1,3;1,4-glucanase gene, show enhanced resistance to
pathogens (Mittler and Rizhsky 2000; Nishizawa et al. 2003).
Interestingly, both the homozygous (32A-2-3) and hemizygous
plants with high levels of expression for transgenes and ele-
vated SA levels were more resistant than nontransgenic con-
trols to Fusarium graminearum in greenhouse studies. It also
seems that SA accumulation is involved in the induction of de-
fense responses in the RWA-wheat interaction (Mohase and
van der Westhuizen 2002). Therefore, SA appears to be an im-
portant component of acquired resistance in wheat plants; how-
ever, the mode of SA activation and their role in the induction
of defense responses still needs elucidation in this crop.

Expression of the PR protein genes, elevation of SA levels,
or both are critical in the production of the lesion-mimic phe-
notype in line 32A-2-3. However, the precise relationship and
interactions between PR proteins and SA are not clear. The in-
creased levels of PAL transcripts and the increase in total and
free SA levels suggests that the SA biosynthetic pathway is en-
hanced in transgenic wheat plants overexpressing the chitinase
and glucanase genes. Transgenic tobacco plants expressing
vacuolar and apoplastic yeast-derived invertase genes (Herber
et al. 1996) or overexpressing a proton-pump (bO) transgene
(Mittler et al. 1995) also exhibit slightly increased transcripts
for the PAL gene. These transgenic tobacco plants also devel-
oped spontaneous lesions and had elevated levels of SA.
Therefore, it would be interesting to investigate additional
transgenic lines with similar levels of expression of the chi/glu
transgenes and other combinations involving different classes
of chitinases and glucanases for understanding the lesion phe-
nomenon in transgenic plants. Additional genetic and bio-
chemical analyses will provide insights to the development of
the lesion-mimic phenotype.

The PCD pathway in plants in response to a pathogen attack
or under any physiological stress is not clearly understood. In
this paper, we used a lesion-mimic transgenic plant as a model
to explore and demonstrate that overexpression of PR genes in
plants could trigger the PCD pathway under normal growth
conditions. Overexpression per se appears to have served as a
stress at a certain physiological stage of growth that resulted in
increased SA levels in these plants. Although the precise sig-
nals for activation of PCD in these plants remains unclear, our
results suggest that this pathway is critically influenced by to-
tal and free SA levels. To our knowledge, this is the first report
of SA-dependent regulation of PR protein gene expression in
wheat.

MATERIALS AND METHODS

Construction of transformation cassettes and
characterization of transgenic plants.

The construction of the transformation cassettes for constitu-
tive expression of a class IV chitinase (chi 383) and an acidic
glucanase (glu 638) gene (under the control of maize ubiquitin
intron-promoter) has been described previously (Anand et al.
2003a). The putative transgenic plants and their progenies were
analyzed for the presence of the bar gene (selectable marker)

and its expression, using the leaf-painting assay with 0.2%
Liberty herbicide. Further molecular characterization of these
plants for the presence and expression of the genes of interest
using DNA blot analyses, RNA blot analyses, and PR protein
analysis by immunoblotting was as described in Anand and as-
sociates (2003a and b). In the course of characterizing different
transgenic events and their progenies, line 32A-2 and line 32C-
3, which are genetically identical and express a combination of
a class IV chitinase (383 chitinase) and an acidic B-1,3-
glucanase (638 glucanase), were identified (Anand et al.
2003b). Further characterization of the progenies derived from
plants 32A-2 and 32C-3 resulted in the identification of the ho-
mozygous lines 32A-2-3 and 32C-3-4. The plant 32A-2-3 and
its progenies showed high levels of expression for transgene-
encoded proteins and produced a lesion-mimic phenotype and
breed true for the phenotype for several generations (character-
ized to the Ts generation). The plant 32C-3-4 and its progenies
were either completely silenced or showed significantly lower
levels of expression of the transgene-encoded proteins and pro-
duced normal wild-type phenotype.

Plant treatments and their biochemical characterization.

Wheat plants (Triticum aestivum L. cv. Bobwhite) were
grown in growth chambers with a 16-h light period, at a light
intensity of 600 uE/m?%s and a temperature regime of 20:18°C
(light/dark). Leaves of the transgenic plants (from 2 to 7 weeks
old) that were homozygous or hemizygous for the transgene
loci and control nontransgenic plants were harvested, and tis-
sue samples for SA, JA, RNA blot, and PR protein analyses
were stored at —70°C. RNA gel blots were first hybridized with
the 383-cDNA coding fragment as the radioactive probe,
stripped free of the radio-label, and rehybridized sequentially
with the 638-cDNA coding fragment probe, followed by the
PR 1b probe and the PAL cDNA coding fragment probe from
wheat (provided by N. Sakthivel, Kansas State University),
and then, finally, with the probe for 18S rRNA. For Western
blot analyses, polyclonal antibodies raised in rabbits against a
barley chitinase (Swegle et al. 1992), a barley -1,3-glucanase
(a gift from M. Ballance, University of Manitoba, Winnipeg,
Canada), or a pinto bean TLP (Sehgal et al. 1991), respectively,
were used. As the positive control, leaf protein extract from
wheat plants inoculated with Fusarium graminearum (scab)
was used. For the analyses of H,O, production in the lesion-
plus plants, seeds from the homozygous line (32A-3-3) were
staggered and germinated, and leaves were sampled from 2- to
7-week-old plants. The in vivo detection of H,0, release dur-
ing different stages of lesion development in the transgenic
plants was carried out using 3,3'-diaminobenzidine-HCIl, pH
3.8 (Sigma, St. Louis), according to Thordal-Christensen and
associates (1997). For estimating the SA (free and conjugated
forms) and total JA levels, leaves were bulked from 10 plants
of similar physiological growth at weekly intervals. Tissue
samples (200 mg) were analyzed for free SA, conjugated SA,
and JA, as described by Engelberth and associates (2003). Re-
ported JA levels represent the summation of both cis and trans
isomers.

SA and MeJA treatments.

For SA treatment, the transgenic plants and control plants
were sprayed with an aqueous solution of 5 mM SA, pH 7.0
(Sigma) containing 0.2% (vol/vol) Tween-20 until run-off
(Dietmar and Weiler 1998). Treatments of plants with MeJA
(50 uM in 0.1% ethanol) were performed as described by Mit-
tler and associates (1995). Leaf samples were harvested at 0
(control), 12, 24, and 48 h after SA or MeJA treatment, for PR
protein analyses. Similarly, transgenic homozygous (2 weeks
old), hemizygous plants (at booting stage), and control non-
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transgenic plants at similar stages of development were treated
with 5 mM SA, for recovering the lesion-mimic phenotypes.
For the experiments with leaf blades, healthy leaves from ma-
ture plants of the hemizygous transgenic lines and control non-
transgenic plants were collected and cut into 1-inch long pieces
and were incubated at different concentrations of SA (0, 0.5, 1,
2, 3,4, and 5 mM, pH 7.0). Visual observations were recorded
at 12-h intervals, until necrotic areas were detected in the
transgenic and control plants.

Crossing the lesion-mimic plants
with nontransgenic control plants.

Homozygous T; plants of line 32A-2-3 were crossed with
nontransgenic control ‘Bobwhite’ plants for analyses of the in-
heritance of the lesion-mimic phenotype. The F, seeds recov-
ered from these crosses were germinated and were painted with
a freshly prepared aqueous solution of Liberty herbicide (0.2%
vol/vol), to examine the expression of the bar gene in the F,
progeny of this cross. The presence of one or more transgenes
in the genomic DNA was detected by PCR using transgene-
specific primers, and Western blot analyses were carried out
with protein extracts of the F; plants (Anand et al. 2003a). The
F, seeds were bulked and germinated. Further molecular char-
acterization based on the Liberty painting assay, appearance of
the lesion phenotype, and PCR detection of the transgenes was
used to confirm the genotype of each plant.
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